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PERFORMANCE CHARACTERISTICS OF A HELIUM-3 COOLED
SEMICONDUCTOR BOLOMETER FOR ASTRONOMICAL
INFRARED SPECTROSCOPY

R. Katterloher¥

1. Introduction

Spectroscopy measurements of infrared radiation in a range /1¥%*
between 100 um and 1000 Hm requires detectors with uniform
spectral sensitivity if the Fourier interferometry method is
used. At the present time, only bolometers can be used as
sensitive IR detectors with such wide baﬁd response capacity.
rPhotosemlconductors, Josephson detectors, and pyroelectrical
Mdetectors do exceed bolometers in certain charactersitics, but
can only be used optimally in a wavelength range which is too
limited for Fouriler spectroscopy. Since the detection effect
of a bolometer is based on the change:of an electrical resistance
bacause of temperature increase caused by the absorbed IR
radlation, a careful adaptation of the electrical, thermal, and
optical properties must be made for each application.

2. Measurement Principle o

For the present application [1] [8], it seems that a He -3
cooled semiconductor bolometer with a p dose germanium monocrystal

is most promising. Semiconductor bolometers have lower self- _
noise compared with charcoal layer bolometers for comparable )

-+
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for Exﬁraterrestrlal Physies. y

¥¥Numbers in the margin indicate pagination of original
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bdaﬁaary Eonditions and also have increased detectivity. By
the detectivity D, we mean the reciprocal of the equivalent noise
power NEP (W/YHz) or the ratio of response cap301ty r (responsi-

vity) to the effective noise voltage N.

1 r - {V/W) ‘
- NER N (v/VHZ) . . —

The NEP value of a detector, therefore, specifies the amount
of detectable radiation energy for a signal/noise ratio = 1
and for a bandwidth of 1 Hz {or 1 second integration time).

As the temperature drops, the resistance of the semiconductor
material increases drastically. In order to provide large signal
voltages, large temperature coefficients are desirable. The
resistancendependence of germanium can be represented according
to [2] and [3] according to the relationship

CR(T) = k* B/ (2)
(where k and B are consténts)p According to [4], [5], and [10],
the following relationship is accurate enough:
e o) (3)
R(T) = R (=) 3)
where RO ig the resistance of the element at Té and A 18 a

constant which depends on the dosing (and the témperature) with
values between A = 1 and 4 = 9, It is determined with measured
R-T curves and one usually finds A = 4, see Figure 1., The

temperature coefficient o 1s given by

A

| OL= .l/VRH:___dR{/dT } (4)

From this, we find by substitution of (2),

.fo'c-;-a/-r?*] N !
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Figure 1. Temperature dependence of specific resistance [4].

and by substituting (3)

j{)(,: -.A/T (6)
By reducing the temperature, we can always find a larger o.

For the further calculation, we will use the relationship (6).

The energy Q abscrbed by the bolometer can be divided inte
three parts:

a) the (modulated) useful signal Qg

b} the constant perturbation radiatlon of the bolometer

surroundings (optical system, background radiation) Qn?

c) the Joule heating QJ caused by the measurement current.

We find

Q=0+ 0+ (7)



' In order to maintaln the detector at a constant temperature /4
T, the power must be removed by means of a certaln heat conduc-

tivity value G to a cold bath having the temperature TB.

Q = G(T‘." TB) | (8)

In general, of the components QS, Q and QJ, the magnitude

nJ

of QS will be the smallest (in the present case, typically
.10-13 w). Qn is larger (10~ 7 W), and QJ is thé largest of

all (107 % W)typically). The effect of constant perturbation:
radiatdon, therefore, brings about a reductlion in the detector
performance capacity because it increases the working tempera-
ture of the bolometer even more above the bath temperature.

This magnitude willl be lgnored, compared with QJ in the following.
QJ cannot be decreased arbitrarily, because otherwise the signal

voltages prodiuced are too small. Eor the same reason (in addi-
tion to other boundary conditions), one is limited in the

variation G. In the stationary case, we have approximately

(T - Ty) = Q5 (9)

The voltage U(T) applied teo the bolometer and the measurement

current J(T) can be expressed as follows as a function of. Q

LU = VR(T) Q4

— — —_———— Eam—m = am—— — -

[R(T)G(T -7 )] 2 (10)

e -

I = VR moy

y
!

Frmem -1V

where it has been assumed that, for the load resistor, we have ﬁi

RL‘fiR“and‘G does not depend on detector temperature.



The respdnsiVity of the bolometer for the quési%staéionary
operation is found as a ratio of the voltage per degree of
temperature and the difference 'of thermal conductivity (W/K),
minus the produced Joule héat per degree [5], [101:

S
E T TRy

P J—

(12)

T =g

By substituting (6), (9), and (10) in (12), we find the follow-
ing relationship between r and T k

(A/MUT-T)Y2 - R(TIVE

, [+ (A/TUTTe)T - 67

and because of (3), we. flnd - |
AT T ] Ra (T5/T)" ]”/ﬁ' 13)

_ 4+(A/T)(T-TB) [ G(T) e

If we 1ntroduceT/T fy'we flnd

r(T) =

(T, TB) =

S

For a specified bath temperatureg? and prescrlbed A (crystalf

P L . 1h
oy e o[- R (F-1)
4; ('3') [[19_(4_”4) AJZ 19_A:|

[
L [

properties), Equation (14) defines the dependence of reépbnsiV1ty&/6 l
on the bolometer temperature T or, @ﬂ Figure 2 shows that, for
different A, there exist: dlfferent maximalof r as a function

off{?ﬁ Inoprineiple, r increases when Ty and G(TB) are reduced.

The time constant 1 of a bolometer is given by

T = C/(G - otQj) \ (15)
where C 1s the heat capac1ty of. the detector. By substituting.

Equatlons((é), (9}, and {F = T/Ta , we find 27
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on responsivity.

Figure 2, Influence of A and'$

T -

i

”;:- ““ - (16)
1+ A(1- 1/

The time constant, therefore, has a factor which depends
on A andiﬂﬁ, simllar to the responsivity. For A = 4, we find
a factor of 0.7 for optimumfi§¥for both quantities. Equation
(16), however, does not nave a maximum and large & always has

a favorable effect,



3. Noise Mechanisms and Maximum Detectivity

Since the detectivity depends on the responsivity and the
hoise voltage of the détecéor, we mﬁst investigate theiﬁ% value
at which the NEP takes on a minimum or when the detectivity
takes on a maximum. The noise mechanisms!which are effective

at the bolometer consist of the followlng:
a) nolse caused by various types of current fluctuatdons,

b) photon noise caused by background radiation which
cannot be completely suppressed,

c) phonon noise caused by thermal coupling with the
cold bath.

Regarding c¢), the noise caused by phonon fluctuation is

given by the follow1ng in [7]

I‘s‘:‘wPhoho.n [2 kG (T5+T 5)/7-3] /2 SRR
o (17)
e [H G( D% wE

: : o

(where k = Boltzmann constant} and for a germanium element with /8
a volume of 0.5 mm® and a time constant ofﬂTﬁ A ms (G'M,l lOAJ
W/K) with a bath temperature of about 0.3° X, is

—~ - -15 :
Woponon & 1010 W/ VHz.

By feducing G, which is only possible by reducing C for a gilven

domlnates as a nolise source,



Regarding b), the photon noise in the thermal radiation
from the surfaces of the optical system and of the background
make up another contrlbutlon for the total noise power in the

detector and, accordlng to [2] 1t is calculated from
q_ hv/k

€ 2] 1 as)
(eh"/"T 1)

w =hy FﬂA,;e

Photon

{h = Planck constant, ¢ = speeq of light, F = emittlng area,

2 = s0lid angle, AL = bandwidth of measgurement unit, e =
emissivity of surface, v = frequency, and T = temperature). In
Figure 3, we show the iIntensity distribution [integrand of
Equatioﬁ (18)]. The curves show that, depending on temperature
of the radiating body, substantial amounts of the noise spectrum
can be femoved from the measurement range by means of optical
filters. Only radiatdrs,Twhich are at the temperature of liguid
J'nitrogen willl almest exelusively radlate their noise power in
--the measurement range in question; so that in this case, noﬁ

much can be done by using (wideband) filters.

If we integrate over all frequencies, then (18) can be /9
expanded as a function of T% by integral decomposition. The

noise power W for a grey body is related to the radiation

Photon
intensity which produces it (background radiation) Qn in the
following way [8]:

wPhoton = (L"k Q )4/2 W/l/a—"f_i.'- . (182)

e
=
&

For an emission factor of € = 0.02, Figure Y4 shows the 3
noise power produced by a surface with F » £ = 5.5 « 10 %sr/cm?.
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between 20 and 200 um, then the'only filters of practical
interest will be those which cut off the shortwave radiation,
i.e., wavelengths below 20 pm. . By blocking off the radiation
from 200 ym to e, one obtains a.gain which can be ignored in
the present appllicaticon. The following materials could be
used, for example, [9]:

— sapphire with diamond dust, 1 mm thick, transmission

about 60%, cut-on wavelength 2% umg

— Cal'z with polyethylene and diamond dust, 1 mm thick,

“transmission about 70%, cut-on wavelength 50 um.

10

N 10 . . - .hy@,f A
. ‘ = Wonston . H
Figure 4, Photon noise.

If we want to have available the entire measurement range

/11




As a window material (vacuum sealing), we can use black
polyethylene foil, 0.1 mm thick, transmisdion about 90%,
emissivity about 5%.

The filters must be cooled to the temperature of liguid
helium, because some of the spectral properties mehtioned above
only occur under these conditions and 1f the temperature is
higher, they could reduce the detectlon capacity of the detector
because of thelr eigen emission. " In addition, the absorbed
part of the thermal background radiation must be transferred
to the cold bath. A filter with a cut-on of 27 um {ideal) will
hold away about 75% of the incident atmospherie radiation
(230° K). We would also like to mention that the maximum
fhermal emission of a gray body does not occur at the same
waﬁelength.as its maximum noise intensity. For a 230° K
radiator, the maximum nolse is located at 17 um and the maximum
“radiation — at 13 um.

Regarding a}, the noise components produced in the bolometer
itself are composed of the following [6], [11]:

— thermal noise, /12
— generation-recombination noilse,
— 1/f noise.
The thermal noise (Johnson noise or Nyquist noise) is
caused by fluctuations of the velocity vectors of the electrons.
The dependence of the noise voltage N on temperature for such
an electron gas is given by 5

U N'%_(4kTﬁ¢;f)1/2 L -l‘b Et_q_f__q_(i9l,

Johnson noise does not depend on frequency.

11



Thergenefation—recombination noise is a consequence of the
charge carriers generated and recombhining at the defects of the
semiconductor, which occur statistically and have an average -
lifetime of 16f~‘The‘ﬁoiSe~inténsitylQAJJ?fiS found as

(29, = K T AL /(14 (2mdT)t) A’-.( (20)

The generation-recombination noise is proportional to the
square of the current J and is practically "white™ up to an
inflection frequency ,f$ = }/21K17a\, and after this, it drops
of f accourding toll/fﬂ . DBecause offig'e:iq—7, the limiting

frequency 1s usually in the megahertz range.

The 1/f noise‘(flicker nolse or excess noise) is given
this name because its intensity is inversely propertional to
) the frequency. It 1is causedlby the continuous distribution of
7 themcharge carrier 1l1ifetimes between two limits, T: and t3.
When the probability for a certain time constant is inversely /13
rroportional to 1, the resulting distribution of noise intensity
amcng the individual frequencies is given by

T2

Vi~ { I T A

[g(t) weighting factor for noilse intensify wifﬁ time constant T1.

Between the frequencies determined by T1i and T2, the noise
intensity varies according to i/f. Por lower ones, 1t remalns
constant and for highef frequencies, it drops off with 1/f2.
Theoretical and experimental investigations confirm the fact .
that this nolse mechanism is a surface effect (contact problems).:
Models for this are the tunnel model, the recombination center '

distribution, er ﬁhé diffusiom:modél,Jat.the pfesent Tinme.

12



Experimental investigations on the frequeney—aependence of
the noise intensities 1n semiconductor bolometers are only

given in [14]. The results cannot be considered to have general
valildity. [2] and [5] consider only the nolse components of

thermal noise for the design of a bolometer,

Consldering Johnson nolse, we find the following for the

detectivity, according to Equations (1), (14}, and (19):

. '
b = —r
., D= §

e syl

o sl g fore o

With'r &T\and RzR %’A

.;
M - ,T {

, we find /14
o A AL e
[ aen)-ASS D Lu kT2 6 T0¢

i

4

Accordlngly, the detect1v1ty is proportlonal to 1/T and

1/VG. The dependence of the overtemperaturegiﬂ of the bolometer
compared with the bath temperature and the resigtance variation
R(A) 1s given in Figure 5.

The maxima of the function is found from the condition /1

EdD/d{f 7or from the cublc equation
«&3( -2a%-4a-2) + V2 (sa%+8ar3) + | (o)
) 24)

'3‘(4A4A)+A=O -

 For A = 4, we find 3{} : &:l 13} i.e., the bolometer

temperature gshould lie about 1/8 above the bath temperature. e
Silghtly dlfferentt %1valuee preduce prect;oally ne deferioration .

i3
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Figure 5. Influence of overtemperature%{}‘on detectivity.

of D or r necause of the flat curve variation. The operational

values of a bolometer,itherefore, should provide for-maintaihing

?{y ,» 1T the greatest possible sensitivity is desired.
§ max

With T = 0.3° K and G = 1 - 1077 W/K, we were theoretically

able to obtain a detectivity of 10!'° J/Hz/W for a time constant

of 1 msec. Together with the phonon noise (17), this results in

..a-NEP.of - \15 2-1o“i5 w/_‘{iﬁ“l . We have e e e
O h;:;,ﬁ_nJ B '"é”'i/E‘ B
}'NEP A'Bwbhonon) + (1/D) J _ W/ vz (1a)

14



This sensitivity can only be exploited~if the noise power of
the background radiation remains small, i.e., for a correspond«‘
ing cooling of the bolometer surroundings and of the optical
system and/or by using filters whith are alsc cooled, which

intersect the noise spectrum (see Sections 3/4).

b, Determination of Operational Data

Under practical conditions, the operational data of the

bolometer are determined as follows: for the lowest possible /16

current load and for the best possible coupling between the
crystal and the cold gas, one measures the resistance dependence
R(T) of the bolometer by varying the temperature. Using
Equation (3),_we obtain A. The dependence of U on I (load
curve) is determined with operafional conditions (without a
signal). The heat conductivity coefficient G is found in the
‘form of a differential,. according to Equation (9)

dQy/dR
dR/dT (9a)

6 = dQy/dT =
It 1s now necessary to determine the two guotients dQJ/dR and
dR/dT. Since U(I) is known, we find from this QJCI) = T * U(I)
and R{(I) = U(I)/I. The derivatives of both functions dQJ/dI

and dR/4I lead to the desired quotient dQJ%dR at a selected

point I. From the given R(I) variation, we find the R which
belongs to this I. The inverted equation-(3), for which the
constant is now known, produces the dependence dR/dT as a. func-
tion of R L o S

| ~A A+ AA
CdR/dT= —2__ R ‘ :

1
. TORE/A S SRR €. 75 S

so that G can now be calculated from (9a).

15



The responsivity could be determined using Equation (114}
for optimum»ﬁ% However, we 8till do not have the value of

I at which the optimum.ﬂﬂ occurs. Therefore, the dependence

of the responsivity on the measurement current I is desired.

According to [2], we have

.;‘é I(dR/dQJ)fI (25)
[7], [10], [11], and [14] use the corresponding relafionship £17
- r = (dU/ar - R) /20| (26)

From the measured U-I variation, we can determine the

values of dR/dQJ-or du/d1, respectively, they are already known

ror defermining G. Therefore, r(I) has been found by experiment.
Fi

gure 6 shows these measured curves for a Ge bolometer 5141
at 1.55° K. '

The maximum responsivity and minimum NEP are different only
by a negligible amount (with respect to'ﬁHJ and, therefore, the
I value found here results in the eoptimum operation point of the

bolometer.

The responsivity determined this way is usually called the /18
DC responsivity, because only very slow signal changes produce
the above mentiloned values. In practice, the incoming signal
is usually modulated (chopped), so that there is a greater or
lesser reduction of the output signal. The reason for this is
the followlng: a bolometer operates faster, 1f the heat ﬁhich
causes the femperature increase can be removed faster. In other

words, the heat flux Q from the bolometer is responsible for

w3

its rapidness of response r. Q is determined by the dynamic
conductivity value Y, which is composed of the stationary heat

16



Figure 6. U({I) and r(I} variations for a Ge bolometer.

conductivity value G, as well as the storage capacity C of the
Ccerystal:

KGespons ivi ty) @ -

In order to be able to determine the frequency variation

of the bolometer, it is necessafy to find the dependence of
the conductivity Y on the frequency w of the temperature fluc-
tuations. The analog procedure for -the correspondlng electrical

circuit prov1des the following solution

Electrical: | -  p@)—— - o | Resistance z(w)
e c
PT H | |_—_’R ;
i - - . )
i . . : .
S . . : Q E C . 4/G - L —\
Thermal: :' - ‘ , Tlw) = Conduct1v1ty Y(w)

17
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=
\te]

Trial soiution for RC serieg circuit:
| _% = 1/G - g/wc

(27)
B=Va 102 T W \/’f*‘wicz/Gi2

If we introduce C/G = T (time constant of the bolometer),

we find the follow1ng for Y(w)

, 1
For w «CI} we have Y = wC, so that
Y@ = Y, (14 wier) V2 (29)

A

and, correspondlngly, the responsivity r(w) is
- 1‘W‘,
(1 + wie2)¥2

e = v (30)
r{w) decreases with increasing frequency, which.is why one wantsg
the smallest time constants T possible. This is related to an
increase in the NEP, if C cannot be arbitrarily reduced. At the
frequency wy, = 1/7, the quantity r(w) decreases to the value

1/V/2 (inflection polint). 1In practice, this maximum frequency
will not be exceeded because otherwise, the output signal drops
off rapidly. The frequency variation of the responsivity for

twe different time constants is shown 1n Figure 7.

For a given bolometer, we determine the timecconstant T by /420
measuring the frequency curves (30} or by determining the point

Awkv-vﬁsing~Equation (16), we can first calculate the effective:

gquotient C/G from this. If the dimensions of the bolometer are

18
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mkﬁBQﬁé dhd if we can lgnore the contributions of the connection
wires to the heat capacity of the connector, we find the follow-
ing for C

¢ =6.8"107°.1Tv, . J/K_{ (31)
(where V must be substituted in mn® and the Debye ftemperature

of germanium is 370° K).

From this, G can be calculated and should agree with the
value from Equatlon (9a). Conversely, from the measured values
of {(9a) and the relationships (16) and (31), we can determine
the expected ftime constant T.

5. Congtructlon Design

e The optics of the planned balloon telescope [8] images the
image of the radiation source on an area with a diameter of
about 3 mm. Since we only plan to first use a bolometer cooled
to 1.5° K, an additional off-axis mirror with a 3.5 mm diameter
and a f@ééﬁ length of 8.4 mm reduces the image to a diameter of
10,7_mm in order to exploit the advantages of a small detector
ﬂ?f.(‘NEPr-::3'lO-l4 W/ vHz) [12] ) With the desirable 0.3° K cocling,
it will not béﬂnecéssary to retain these small detector dimen-
sions. Apparently, a bolometer with an edge length of 3 mm
also provides the expected Iimprovement in detectivity. This
would then make it possible to eliminate the small mirfor anhd
also several construction features in the bolometer mounting
could be exploited. (aperture angle of incoming radiation bundle
about 12°). Since a detector with a diameter of 1 mm and
0.3° K would provide the largest possible experimental sensi-
ctivity-which would s¢ill be reasonable, we will eonsider this

type as well in the remainder of our discussion.

20



"~ T First of all, we must select a suitable semiconductor
material for the measurement element, Based: on  its optical
properties, it should provide 100% absorption of incident
radliation, if possible. ©On the other hand, the electrical
vaiues of the detector must allow an optimum adaptation of
the measurement chain for signal amplification.  For a wave-
length range of 20 — 200 um, we find that p-conducting
germanium is very suitable. The type and extent of dosing
must be adjusted according to the application.' Investigations
on the influence of dosing can be found in [13]rand [14]. /22
" Doubly dosed germanium is found to be favorable, which absorbs
over 90% of the IR radiation in the wavelength range of
interest here. By means of a thin (5 to 10 um) "black™ layer
(4], [12], it is possible to even inerease the absorption
capacity. The values shown in Figure 8 apply for an element
with a thickness of 250 um at a temperature of 4.2° K, which
i dosed with,ﬁé'%;941ols o GaJand %ﬁd‘= 1-101° ?273'§Ej o,

11.

corresponding o a compensation fatio.of K = Nd/Na = 0.

Smaller values of K = are noE}KEéaaﬁﬁendéd because .

they reduce the absorption capacity considerably. Alsoc, the
reduction in fhe element thickness has the same effect.

The increase in -the electrical conductivity of the crystal
by energy absorption is based on thermal activation of the
(bound) charge carriers (holes)here) avallable at the defects. /23
According to Equaticn (2), the cohductivity decreases rapidly
when there is a temperature reduction, so that by making
available more charge carriers,.il.e., by using highérmdoéing
rates, one agaln attempts to obtain acceptable resistance
values for the measurements. Of course, we can finally have
"impurity band conduction" here, an effect in which the charge
carriers become mobile wilthout thermal activation within a

defect conduction band which has formed, However, the bolometer :
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Figure 8. Absorption capacity of Ge and S1 [13].

properties of-thercrystal then are lost. Concentrations of

< 10'7 em™? for Ge and < 10'? em™® for Si [14] are still
allowable. The following Table'l.shows specific data of a few
Ge bolometers from [2], [47, [12], and [13], in which it is
possible to defermine values which seem sultable for any

application. BSee the last column.

Using the resistance mentioned above, it is possible to
obtaln a resulting total resistance of‘typically 10% @ for 24
conventional bolometer dimensionhs. In order to maintain the -
measurement currents sufficlently constant, a 107 @ load )
resistor cooled to the He temperature should also. be. switched
in, in order to suppress noise. Since field strengths of only ;
5 V/cem are permissible for Ge:CGz, the allowable voltage across

om t
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TARLE 1%
PROPERTIES OF p TYPE Ge MONOCRYSTALS

Authoﬁ“' Here
T 3] ¥ (4] [2]

N,,en?| 9010 Ga| x+10%6 Ga| 4.5-10*6 Ga| 610 1n [8-101° G4
Nem S| 102085 sp| 2 ? 2,4-10%%sp [2-101% sy
K 0.11 0.1 ? 0.1 ? 0.4 0.25
(@) fem 104 3+10° 10? 10° 10°-10°

at T, K 4.2 1.5 1.5 0.37 0.33

¥Commas 1n the numbers lndicate decimal points.
the measurement element must be < 1 V. This brings about a
current of < 1 YA and a loss power of < 14yuW. Responsivitiyy

"~ values are around 10% V/W 1n this case, so that, with the

expected signal powers of 2 5e 107
which occur will he a few 10 nv.
chain has a bandwidth of 10 Hz (/Af

the following rapid scan interferometry),

WL the signal voltages

then the produced

If the following amplification
2 200 Hz{is required for

nolse voltage 1s about one order of magnitude above the signal

value.

Thls means that,

for the required signal/noise ratio

S/N, we have the following:condition for the measurement time

We would like to mention the faot that
-4

tmeasurement

=(S

]

N

mentioned application (range “ks 5-10

EP A)
gnaI

'8r con

2h

(32)

in the previcusly

s The perturba-

tion radiation of the_atmosphere recorded by the detector per

as shown in Table 2,

“1ine is found to be *3-10 }0 7

21l — 500 um [15],

w}, and the 1ntegral value is

Therefore, a signal

23
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TABLE 2%

ATMOSPHERIC DATA
Altitude, km i 30 . 35, | . Lo ks
T, K 230 245 260 270
e % black body 1.29 0.63 0.31 o.15l
g Q , W : - . ,;3;5?10“3 2,3°207% | 1,4°1078 | 8+107°
; Q4500 W | 7,2.107% | 4,5°107% | 2,8:2078 | 1,5:1078

'

¥Commas in numbers indicate decimal points.

willl be produced which 1s stronger by about a factor of 10* or
10°. Also, the detector loads the thermal emission of the mirror
optics by h}}o @ at 230° K and ideal flltering._ From
“Eguatlon (185), an additioenal noisé power of about 3 10 %e W/Vﬁﬂ
follows from this.  The problems of background suppression must
be carefully solved and the first attempts are given in [8].
Using a time constant of the (alternating voltage) preamplifier,
adapted to the modulation frequency of the optics, and a special
measurement method-in the signal processing, it seems possible
to obtain a discrimination of the source signal from the
"directovoltage" batkground.

For an optimum design of the bolometer itself, it is
necessary to consider the relationship between the heat conduc-
tion value G and the time constant T,'the'NEP and the permissible
radiation load. Based on Equation (8), the total energy absorbed
in the measurement element determines its temperature, However,

Figure 5 shows that the temperature increased caused by QJ has

an optimum value as far as the detectibility sen31t1v1ty is

concerned. One can lmmediately see that

24



G ™10 * Q/T,

(33)

should be the case. @ is, in practice, the sum of the electrical
loss power QJ and the background radiation in Because of the

flat optimum, QJ can ilnerease-up to this limit and still a Qn’

with the maximum of the same amount, is permissible without

bringing about noticeable deterioration (effective bath

temperature increased 10%) [12]. The background radlation which
occurs for the reguired modulation frequency specifies the

minimum value of G 1f the temperature of the cold bath is /26

specified. Since nolse 1s contained_in'Qn according to Equation

(18a), and on the other hand the NEP value of the detector is
determined by G, we can establish the following relationship
(ideal case) [8]:

B B |
NEP = 6,4-{Tg/T )" * Wppston : {(34)
If the NEP value calculated in this way is smaller than the one
from (1a), then the bolemeter is not thermally overlocaded. When
filters are used, (34) no longer applies.

The previous relatdonships also show that an existing
bolometer system 1s optimally designed by reducing the operas’
tional temperature adone. One does obtain an increase in the
sensitivity but fhe detector becomes much-fastéflbecause G now
is over-dimensiconed because of the rapidly decreasing heat
capacity C, and the detectivity is worsened. In addition, the
electrical resistance becomes too high. TFor optimal operational
conditions, the heat conductivity value or the suspension of g
the crystal would have to be modified.
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Conventional bolometer mountings include aﬁtaching the
crystal with two thin (typically 30 um Au or Cu) wires, which

are used for heat conductors and-electrical connections. With

a heat conductivity of 'JLA;%a'l,s‘wf;ﬁ“? K-}y at 0.3° ¥ (Handbook
of Physics and Chemistry E-10), the heat conductivity value is
calculated as follows for the one-dimensional case {(length

1 » ¢ross sectional area F)

G & l'F'/l‘ o wt \ : (35)

1 cannot be much over 1 cm for geometrical and mechanical 742_
reasons. For thermal reasons,lthe mass of the wire should be
as small as possible (disturbing heat capacity). For G values
of 19“7 WK‘H', in this way one obtains very thin wires with a
diameter of only a few micrometers. Even 1f platinum is used
) W;th an even poorer heat conductivity value, only a factor of
é_results. It would be thinkab;e'to thermaily couple the
element over its entire backsidé to the cold bath, using a
suitable substrate (thin adhesive layer?). This material would
have to have first class electrical,insulation.properties, as
well as a A of typically qus
materials for cryogenie technology do not satisfy these

- -1
W_cmql K %. Well-known epoxy

reguirements, by far. In addition, 1n thils case, because of
the (force) temperature gradient in the crystal, the current
densities are not equal ~%rwhich complicates the relatively
simple relationships R(T),,r(T); ete. For this‘reason, we will
not consider such an attachment.technique.

The schematic structure of a complete conventlonal bolo-

meter system is shown In Figure 9.
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Figure 9. Conventional bolometer system [l@j}

The planned application of the detector [8] (interferometry)

'doés not allow the usual use bf.a conical light conductor piece,

nor can the measurement element be suspended in a reflecting
hollow sphere, The usual mounting of the crystal between two
wires with a diameter of only 5 um under tension would lead to
technical difficulties.

In addition to undesirable pilezo effects, unallowable
osclllations can occur (optiecs). A relatively stable attach-
ment method of -the bolometer to -a carrier which-is simple to
mount 1s planned, as shown 1n Figure 10. The internal part of
the helder is electrically insulated from the external flange,
but it 1s not thermally insulated because of its large surface
area. The measurement element is subjected %o no mechanical

stress and is installed between two paralliel stretched wires.

Theggystem can be diredtly screwed into the helium 3 vessel

and a diaphragm system attached there 1is designed to hold away
the undesirable wackground radiation from the detector, at a

temperature of T x 1° K,

27
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Figure 10. Planned bolometer support.

Table 3 shows the most important data on performance for

/29
four different bolometers. The values of the best commercial
system (first column)} are partially taken from [12] and -
partlally approximately calculated. The data for the other
detectors all are based on calculations.
5. Helium-3 cryostat /31

It is relatively simple to provide a cold bath temperature :
of about 1.5° K as is required for previous bolometer éyéféms A
This Is done by reducing the vapor pressure in a vessel contain-
ing liquid He-% to about 4.5 Torr (for example, atmoespheric

.28



62

TABLE 3°

SPECIFIC DATA OF Ge BOLOMETERS SUITABLE FOR BALLGON EXPERIMENT

Detector He~4 bolometer of | He-4 bolometer of He~3 bolometer, He~3 bolometer,
‘ : Infrared Labs. IRL, coocled to the adapted to maximum possible
' He-=3 temperature telescope optics values {own
{own development) development)
Operational
temperature, °K 1.5 0.3 0.3 0.3
Dimensions, mm k 0.7-0.7°0.4 2 0,7-0.7°0.4 3-3-0.5 1-1-0.5
g =9 RS . . -9 -10
c, J/K s 6 - 10 %5 10 1 10 1 10
G, W/K 1 1078 x2 107’ 5 * 107’ 1 107’
T, s 4 107 2 107 g * 107 7 ° 107
£y = /27, Bz 40 1000 200 230
1R, = 5 - 10 = 10° = 10° ~ 10°
I N - - -
Q atmosphere, W 35 km:5°10 8 40 km:3"10 8 40 km:3°10 8 45 km:1.5°10 8
NP atmosphere {8, . ,~-l4 . .a-l4 v n=ld . 1 a=15
w/fﬁg' P10 1.2 ° 10 1.2 ° 10 8 ' 10 \
Q optic, W b30 &: 152077 | 70K:2.5°107° 70K:2.5°107° 70K:2.5°107°
[ < -
NP optic, . .—14 A van-15 van=15
W/ vz "§4 10 3710 . 3710 3°10
NEP detector o ~ _ _
(1a),w//Hz | $3"10 14 2 1078 4 1071 151071
. ur
 NEP total s ST L aeia-lé .. =14 .. ~15
w//ﬁZ “5 10 1.3°10 1.3°10 9°10
@

~



pressure at a flight altitude of 35 km), which results in the
degifed temperature reduction. Because of the fact that the
vapor pressure of He-4 1s too small, and because of losses
through the superfluid He II film, under practical conditions,
it is not possible to operate at a temperature below about
1.1° X. 1In order to reach the required range of 0.3° K, it

is necessary to use helium-3 [16].

In addition to the considerably higher vapbr pressure of
He~3 compared with He-4 (see Figure 11), there is an additional
advantage ‘1n that He-3 has a considerably greater specific heat
below 1° K than the metals used in the cryostat, so that the
coolling of the corresponding materials is not made so difficult.
When constructing such cryostats, it is necessary to make sure
that the total amount of gas required does not become too large,
because one normal liter of He-3 costs DM 500. If the filling
‘amounts are about 6 N1, one can have aﬁ operational perlod
between 10 and 20 hours, depending on the incldent heat to the
He-3 vessel, typically 10 uW. In the present application for
bolometer cooling, the operaﬁion of a pure He-3 vaporizer is
sufficient. The adiabatic mixing and separatlon process of
1iquid He-3 and superfluid He-4 (He-3/He-4 mixing cryostat)
only brings about significant advantages above 0.3° K (see
Figure 12). The increased molar specific heat of He-3/He-A4
compared with pure He-3 brings abeout a negative mixing enthalpy.

~~
N

Within the operating range of a He-3 cryoitat, the cooling
performances are essentially determined by the suctlon power of
the pumps used. The vapor pressure- corresponding to 0.3° K is
%;10“3 Tdrrj, and for a heat load of 50 pW, a suction power of 2
20 liters per second results, which can be achieved with =a
AHé'diffﬁéibn‘ﬁump nominally rated at 80 liters péf'%éédﬁdlunThé

use of such a pump for bolometer cooling is describéd in [2].
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L0 same pump sizes [16].
{
1 Except for the high electrical
, fé’ - energy consumption, we also had
o P2 3 4 5 K disturbing acoustic feedbacks
' T i1 to the bolometer, which were

Figure 11. Vapor pressures ~expressed by an increase in the
-of He 3 and He 4 [16]. : noise level. Accordingly, such
a pumping system cannot be used
For the planned balloon experiment. For the first time, we will /33
attempt to use a He-3 cryostat with an adscrption pump for

cooling an IR bolometer.
The particular advantages associated with the adsorpiion
of He-=3 in activated charcozl or zeclith within a He-3 cryostat

are the following:

— no diffusion pump 1s reguired,

--—— pressurendecreases in the pumping lines are- abhseéent;
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— the cooling power which can be achieved is higher than

with external pumps and there 1s no shaking,

— there is no electrical power reguirement.

Compared with zeolith, activated charcoal has a reduced
water adsorption capacity. Per gram,. ‘a- surface area of about
1200 m are avallable, and the concave surfaces ol the storage
pores (¢ 10 Rﬂ bring about the desired vapor pressure reduc-
tion; i.e., adsorption [17]. Since the adsorption capacity
depends on temperature, by varying the charcoal temperature, it
1s possible to control the resulting suction power or to bring
about the desorption of the adsorbed gas by a correspondingly
high temperature. Figure 13 shows the adsorption amounts of
He-3 for various charcoal temperatures.

.... Experience on the construction and operation of a He-3

cryostat with adsorption pump are available [18]. Such a

system 1s shown in Figure 14. Various test devices and

auxiliary units (pumps, etec.) are attached to the cryostat

itself (see Figure 15), for the planned laboratory investigations
using various bolometers and filters., A working cycle occurs

as Tollows: after precooling the two radiation protective

coverings to the temperature ofjliquid Nz or liguid He-l, the

inner He-U container is pumped down to about 1.2° K (about /34
0.6 Torr). The heat conduction of the He-l gas‘surroﬁnding it
(exchange gas, a few Torr) cools allrparts of .the He-3 system.
Now the helium 3 gas introduced from the external He-3 handling
system can condense at pressures of > 20 Torr at the 1.2° X
walls, and collects in the lowest He-3 vessel (apbroximately

v

15 em®). The charcoal pump is located at the upper end of the
cryostat and has approximately the N, temperature:  -According K
to Figure 13, all of the He-3 is desorbed, After ending the s
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charcoal [16].

condensation process (< 1 h), first of all the temperature is
reduced to about 0.5° K (0.2 Torr), by externally pumping

doWn the He-3. Then, the chardoal pump 1is brought into

contact with the 1.2° K bath, which then introduces the action

of the pump. - Until there is a reduction to 0.3° K; about 35%

of the liquid He-3 vaporizes and'ﬁhe remainder is now available

for the "measurement interval," a time of about 15 hours. In /35
the meantime, the activated charcoal attached to the He-3

vessel has automatically produced the required insulation vacuum
of < 107® Torr. The temperature of the charcoal pump does not
have to be maintained at 1.2° K; according to Figure 13, the =
suction power does not vary too much for T < 4° K, The only
important- thing is a guarantee for a good removal of the - -- - K

condensation heat which occurs (typically one Joule per cycle)

]
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to the He-4 bath. The bath temperature of 0.3° X can probably
be maintained using an electrical heater and the corresponding
measurement and control loop to an accuracy of 10 %° K.
Therefore, one becomes free of fluctuations in the suction
power or influences by tipping the measurement unit. The
remaining "signhal voltages" at the bolometer exceed the
measurement signal proper by about 10°%, but from a measurement
peint of view, they only have to belong to the category
"direct voltage." When the cooling period is over, then the
He 3 adsorbed by the charcoal pump can again be desorbed by
"heating" to T > U40° K. If there is no equalization vessel
connected to the He-3 system, then there will be a pressure

increase to several atmospheres.

A special version of the He-3 cryostat will be used for
the balloon experiment. The minimum dimensions of 60 cm length
“and 12 cm diameter cannot be violated because of the thermo= |
dynamics and because of technical factors. Also, the minimum
weight is 10 kg. |

.
[» o]
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